Individuals exposed to antigens in utero or shortly after birth have been believed to develop antigen-specific tolerance preferentially (7, 10, 43, 60) , although exceptions to this "rule" are known (41) . Recent investigations have revised the idea that antigenic exposure in neonatal life is a tolerogenic rather than an immunogenic event. Ridge et al. (48) argued that the neonatal immune system, though not fully mature, might respond actively to antigens when presented in adequate amounts. The requirements appear to be appropriate antigen dosage, strong simulation of the innate immune response, and repeated immunizations. However, with the exception of live virus vaccines (50, 55) and some recent DNA vaccination studies (34) , the immune responses obtained in neonates have been in general T-helper 2 (Th2)-biased types, which persisted after adult boosting (2, 4, 6, 26) . Because the immune system is not fully developed in neonates, it remains difficult to induce an immune response in these individuals that is adequate to control virus infections.
Gamma interferon (IFN-␥), IFN-␣, and IFN-␤ are believed to be required for the induction of a Th1-biased immune response associated with a powerful cytotoxic-T-lymphocyte (CTL) response and immunoglobulin isotype switch to immunoglobulin G2a (IgG2a) in mice (12, 28, 61, 63) . Herpes simplex virus (HSV) is a strong inducer of the Th1-type immune responses. CTLs and CD4 ϩ T cells capable of producing IFN-␥ are required for the control of this virus in its latent stage in ganglia (29, 30, 46) . Surprisingly, in mice without functional IFN receptors, HSV type 1 (HSV-1) or other alphaherpesviruses, but not inactivated virus or HSV-1 amplicon, when applied at peripheral sites, induce the production of virus-specific IgG2a, IgG2b, and IgG3 (18, 58) . Thus, replication of HSV-1 appeared to trigger the induction of a Th1-mediated immune response by IFN-dependent and IFNindependent mechanisms. In neonates, the induction of a Th1 immune response is difficult to achieve because of the stringent requirements to stimulate antigen-presenting cells (in particular, dendritic cells) and the low number of cells able to produce only limited amounts of IFN-␥ and interleukin-12 (IL-12) (3, 15, 48, 52) . The powerful stimulation of the innate immune response by replicating HSV-1 appeared to be a promising approach to apply to neonates to stimulate a protective Th1-mediated immune response.
Infants of many species are very susceptible to infection with wild-type (wt) HSV-1 (5; for a review, see references 31 and 37). To overcome the low resistance of neonatal mice against this virus, humoral and cellular components of the innate immunity, as well as HSV-1-specific antibodies (Abs) and T-cell populations, have been transferred to these mice (25) . In general, not one but several components of the innate or specific immunity are required to arm the neonatal immune system against infections with HSV-1. This may explain why maternal HSV-1-specific Abs and antiviral drugs have additive effects to protect newborns against fatal infections with this virus (23, 65) . Abs may suppress the development of cellular or humoral immunity (51, 53) . This modulatory effect of the maternal humoral immunity needs to be addressed using neonatal vaccination studies.
Despite the wealth of information that is available on the immune response of adults against HSV-1 (31, 57), little is known of active neonatal immunity against this virus (13, 24) . We have chosen neonatal mice as an experimental model to study the immune responses to HSV-1 because of the relative immaturity of this species at birth. Mice have to mature for 1 week to reach the degree of immune maturity of humans, and thus vaccines given to mice at birth are a stringent test for the neonatal immune system (34) . To conduct such experiments, we have used an HSV-1 variant able to complete a single cycle of virus replication (DISC [disabled infectious single cycle]) (35, 58) . The DISC viral genome does not contain the gene encoding glycoprotein H (gH), which is essential for infection. This virus thus requires a gH-expressing cell line for multicycle growth but can complete a single cycle of infection in noncomplementing cells. This virus does not cause disease in adults.
Here we report that mice with or without functional IFN systems given a single immunization with DISC HSV-1 24 h after birth develop a Th1 immune response. Furthermore, immunized mice resisted an intraperitoneal (i.p.) injection with a lethal dose of wt HSV-1 without showing any signs of disease.
MATERIALS AND METHODS
Animals, cells, and viruses. Female, 7-to 10-week-old 129Sv/Ev (H-2 b ), C57BL/6, BALB/c, and newborn mice less than 24 h old were obtained from BRL, Füllinsdorf, Switzerland. Congenic mice with gene-targeted disruptions of the IFN receptor IFN-␣/␤ and IFN-␥ (AG129) were also used (18, 61) . The AG129 mice were obtained from R. M. Zinkernagel, University of Zurich. Vero cells (ATCC, Rockville, Md.), HSV-1 gH-expressing Vero cells (35) , H-2 b thymoma cells (EL-4), and gB-expressing fibroblast cells (MC57) (11, 62) were grown in complete Dulbecco modified Eagle medium (DMEM) supplemented with 10% fetal bovine serum (58) . DISC HSV-1, a gH deletion mutant capable of completing a single cycle of infection, was propagated on F 1 cells (35, 58) . HSV-1 strain F was obtained from B. Roizman (University of Chicago) and propagated on Vero cells (14) . All virus preparations were purified by ultracentrifugation on a sucrose density gradient, and the virus titer was determined as described previously (58) . Inactivation of virus was done by ␤-propiolactone treatment or UV radiation. The presence of intact virus particles was verified by electron microscopy.
Immunization protocols. Newborn 129Sv/Ev C57BL/6 or BALB/c mice were immunized within 24 h of birth with 10 7 PFU of DISC HSV-1; newborn AG129 mice were inoculated with 10 5 PFU in 50 l of DMEM medium or, as a control, with 50
l of DMEM medium alone. The immunization dose was split into two portions for simultaneous i.p. and subcutaneous injections (55) . Some animals were boosted i.p. with 10 7 PFU of DISC HSV-1 in 100 l of DMEM medium 3 weeks after priming and, 10 days later, all animals were analyzed for the induction of cellular and humoral immune responses or challenged with wt HSV-1 strain F. For some experiments, mothers were immunized i.p. with 10 7 PFU of DISC HSV-1 before gestation and boosted i.p. 10 days before delivery with the same dose of virus.
Assessment of CTLs. Spleen cells were assayed for the presence of CTL activity as described elsewhere (58) . Briefly, a single cell suspension from spleen cells was prepared from immunized or control animals with an H-2 b haplotype and assayed after restimulation in vitro for 5 days using UV-irradiated HSV-1 gB-expressing MC57 (11, 58, 62) . EL-4 target cells were pulsed for 1 h with 3 g of gB-specific H-2 b -restricted peptide SSIEFARL (single-letter amino acid code) per ml and analyzed by a standard 4-h 51 Cr release cytotoxicity assay. Spontaneous 51 Cr release was consistently Ͻ15% in a 4-h assay (58) . In some cases CTL were restimulated in vivo in 3-week-old neonatally primed mice by i.p. injection of 10 7 PFU of DISC HSV-1 or 2 ϫ 10 8 PFU of HSV-1 strain F. CTL activity was determined by directly incubating the splenocytes isolated as described above as effector cells with the gB peptide-loaded EL-4 cells as target cells and analyzed in a 6-h 51 Cr release cytotoxicity assay. Serology. Enzyme-linked immunosorbent assay (ELISA) was performed, and Ab titers were determined as previously described (58) using peroxidase-conjugated polyclonal anti-mouse IgG1, IgG2a, IgG2b, and IgG3 Abs or polyclonal anti-human IgG (Southern Biotechnology, Birmingham, Ala.). Sera obtained from immunized and control animals were analyzed for HSV-1 neutralization using standard methods (58) .
Western immunoblot analysis. Sera were analyzed for the presence of polyreactive Ab by Western blot analysis using radioactively labeled cell lysates subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to nitrocellulose for immunostaining as described elsewhere (1, 58) .
Cell transfer experiment. CD4 ϩ and CD8 ϩ T cells were isolated from pooled lymph nodes and spleens of 4-week-old mice infected once with 10 7 PFU of DISC HSV-1 during the first 24 h after birth. MACS colloidal supermagnetic anti-mouse CD4 and CD8 microbeads (Miltenyi Biotec) were used for positive selection of CD4 ϩ and CD8 ϩ T cells according to the manufacturer's instructions. Then, 10 7 highly purified (Ͼ95%) CD4 ϩ or CD8 ϩ T cells were injected intravenously into 4-week-old syngeneic recipients, and the animals were challenged 24 h later.
Virus challenge. At 4 weeks of age the mice were challenged i.p. with 2 ϫ 10 8 PFU of HSV-1 strain F in 100 l of DMEM medium. The doses of HSV-1 strain F given i.p. that cause lethal infections in 50% of the animals (LD 50 ) have been determined in age-matched 129Sv/Ev or C57BL/6 mice and AG129 mice and were found to be 10 6 and Ͻ10 PFU, respectively. The animals were examined daily for signs of disease, and the surviving animals were counted 21 days after the challenge.
RESULTS
CTLs are primed in neonatal mice injected once with DISC HSV-1, but not with inactivated virus: role of maternal Ab and IFN in CTL priming. Newborn individuals are very susceptible to infection with HSV-1, but the virus can induce a powerful immune response in adults (22, 46) . HSV-1 variants such as DISC HSV-1 are able to complete only one cycle of replication and are immunogenic but do not induce disease (35, 40, 58) . Therefore, DISC HSV-1 appeared ideal for immunological studies in neonates. Newborn 129Sv/Ev or C57BL/6 mice were injected within 24 h of birth with 10 7 PFU of DISC HSV-1 or UV-inactivated virus or they were mock treated and left with their mothers for 3 weeks. During this time all animals stayed healthy and no difference in weight gain was observed between the groups. At 3 weeks of age, one group of mice was injected (i.p.) with 10 7 PFU of DISC HSV-1; one group was mock treated; and all mice were analyzed at 4 weeks of age. CTL activity was detected in restimulated splenocytes from mice injected with DISC HSV-1 at birth. Boosting the primed animals at 3 weeks of age enhanced the CTL activity. DISC HSV-1-vaccinated 129Sv/Ev or C57BL/6 mice had similar CTL activity. Mice injected with inactivated virus and mock-treated mice had similar CTL activities (Fig. 1A) . In further experiments, newborn mice were injected with 100 times the standard dose (i.e., 10 9 PFU) of inactivated DISC HSV-1 and boosted with the same amount of virus at 3 weeks of age. No significant CTL activity was detected in these mice. The data indicate that it is not the number of HSV-1 particles per se but the capacity to replicate at least once that was decisive for CTL induction in neonatal mice.
Virus-neutralizing maternal Abs may suppress active neonatal immune responses against the same infectious agent (53, 54) . To test the influence of maternal Ab for CTL priming, neonatal mice delivered by HSV-1-immune mothers were injected with 10 7 PFU of DISC HSV-1 within 24 h of birth. The CTL activity in splenocytes was detected 4 weeks after priming, despite an HSV-1-specific neutralization titer of 60 to 120 per ml in the serum of the mothers at the time of delivery and a titer of 30 to 60 in the 4-week-old offspring (Fig. 1A, Table 1 ). Therefore, neutralizing maternal Abs specific to HSV-1 antigen did not appreciably influence the priming of CTLs in neonates.
We had previously noted that HSV-1 or other alphaherpesviruses induce CTL-mediated and virus-specific IgG Abs of all isotypes in adult mice lacking IFN receptors for both IFN-␣/␤ and IFN-␥ (AG129 mice) (18) , arguing for a potent IFNindependent stimulation of the Th1 immune pathway. To test whether this pathway was also operative in neonates, newborn AG129 mice were injected within 24 h of birth with DISC HSV-1 and analyzed at 4 weeks of age. A virus dose of 10 5 PFU was found to be optimal for these experiments. CTL activity similar to wild-type mice was detected. Boosting the primed animals with DISC HSV-1 at 3 weeks of age could enhance CTL activity. Thus, maternal Abs did not influence the induction of CTL-mediated immunity. Injection of UVinactivated DISC HSV-1 did not induce significant CTL activity (Fig. 1B) . Moreover, doses of up to 10 9 PFU (Ͼ10 4 times the standard dose used) did not induce significant CTL activity. Therefore, replication competent DISC HSV-1, but not UVinactivated virus, enable CTL priming in newborns that have no functional receptors for IFN-␣/␤ or IFN-␥.
DISC HSV-1-primed neonates do not induce detectable Ab to HSV-1 but do develop a Th1-associated Ab response after a booster injection. Neonates vaccinated with DISC HSV-1 induced CTL immunity efficiently. We therefore expected to find HSV-1-specific Abs 4 weeks after priming neonatal mice with DISC HSV-1. However, in more than 50 sera obtained from these mice, Ab to HSV-1 antigen was not detected by ELISA nor by a virus neutralization assay (Table 1) . When mice were boosted 3 weeks after neonatal priming, the sera analyzed at 4 weeks of age contained Abs of all IgG isotypes against HSV-1 antigen, a finding typical for a Th1 immune response (Fig. 2) . These data were confirmed with neonatal priming experiments using BALB/c mice (Fig. 2) .
We next analyzed whether neonatal AG129 mice were also capable of producing virus-specific Abs after vaccination with HSV-1. Groups of neonatal AG129 mice were injected with 10 5 PFU of DISC HSV-1. Some mice were boosted at 3 weeks of age with the same dose of virus, and the sera of all mice were analyzed at 4 weeks of age for the presence of Abs against HSV-1 antigen. Abs were only detected in sera of mice boosted at 3 weeks of age. Therefore, like the adult AG129 mice, infant mice devoid of a functional IFN system were also capable of producing Abs of IgG2a, IgG2b, and IgG3 isotypes specific to HSV-1 antigen. However, the Ab titers were lower compared to wild-type animals, and IgG1 Abs dominated the serological immune response in HSV-1-vaccinated AG129 animals. Therefore, similar to adult AG129 mice, an IFN-independent mechanism of both CTL induction (Fig. 1B) and of an immunoglobulin isotype switch to IgG2a, IgG2b, and IgG3 is operative in neonatal mice infected with DISC HSV-1 (18) .
Protective activity of serum Ab from DISC HSV-1-immunized mice. Newborn mice injected once within 24 h of birth did not produce significant Abs to HSV-1 antigen (Fig. 2) . It was still possible that the detection of minute amounts of in vivo protective Ab had been missed by the in vitro assays used, as shown previously (42) . To exclude this possibility, 500-l aliquots of sera from 4-week-old animals that had been either vaccinated at birth with DISC HSV-1 or from animals vaccinated at birth and boosted at 3 weeks of age were transferred to groups of naive age-matched animals. This was followed by a challenge with HSV-1 strain F. Sera from animals that received a booster vaccination at 3 weeks of age were fully protective. Naive animals that had received sera from neonatally primed animals or sera from mock-immunized animals were not protective (Fig. 3) . We conclude that a single immunization with DISC HSV-1 does not induce detectable Abs against HSV-1 antigen, as determined in vitro as well as in vivo experiments. A single neonatal immunization with DISC HSV-1 protects mice from lethal HSV-1 infection. Although mice vaccinated within 24 h of birth had no detectable HSV-1 antigen-specific Ab at 4 weeks of age, primed T cells were present (Fig. 1) . In the next experiments, we determined whether the HSV-1-primed T cells could protect mice against a lethal challenge with HSV-1 strain F. Mice born to HSV-1-antigen-naive mothers were primed with 10 7 PFU of DISC HSV-1 or appropriate controls within 24 h of birth. They were left with their mothers until 4 weeks of age. At this time point, groups of eight mice were challenged in three individual experiments with 200 LD 50 s of HSV-1 strain F (Fig. 4) . The results show clear protection of the 4-week-old mice vaccinated once with DISC HSV-1 within 24 h of birth. None of the 24 vaccinated animals challenged in the three separate experiments showed any signs of disease, and all mice survived more than 14 days. In contrast, three groups of eight mice injected with UV-inactivated DISC HSV-1, eight mock-treated mice, or eight naive control mice died within 4 to 6 days, and only one of these twenty-four mice survived the virus challenge (Fig. 4) . Wt 129Sv/Ev mice or C57BL/6 mice vaccinated with DISC HSV-1 at birth survived a lethal challenge with HSV-1 strain F for more than 50 days. In contrast, IFN-deficient mice vaccinated at birth or as adult animals with DISC HSV-1 died between 7 and 35 days after the challenge (data not shown). Therefore, CTL and virus-specific neutralizing Abs induced by vaccination in IFN-deficient mice control acute infection with HSV-1 for a short time, but a functional IFN system is absolutely necessary for long-term survival.
To further characterize the CTL response activated in vivo by the challenge injection with HSV-1 strain F, spleen cells from neonatally vaccinated mice were analyzed 4 days after the virus challenge for their capacity to directly kill gB-peptide-loaded EL-4 target cells. Efficient killing of target cells was observed when splenocytes from DISC HSV-1-vaccinated mice, but not from mice injected neonatally with UV-inactivated virus, were used (Fig. 5) . Therefore, neonatally DISC HSV-1-primed T-cells were restimulated in vivo by HSV-1 strain F.
Following challenge with HSV-1 strain F, the sera of the surviving animals were analyzed by HSV-1 neutralization and ELISA (Table 1 ). In the sera of mice that were vaccinated once at birth with DISC HSV-1, significant Abs were first detected 7 days after the virus challenge. The amounts of Ab increased, as determined 21 days after the challenge by virus neutralization and by ELISA analysis. HSV-1-specific Ab recognized a broad spectrum of different Abs, as analyzed by Western blot analysis (data not shown). The data confirm that B cells had not been primed neonatally (Fig. 2) and suggested that CD4 ϩ or CD8 ϩ T cells were responsible for the induction of immune protection against virus challenge.
Both CD4 ؉ and CD8 ؉ T cells from neonatally vaccinated mice transferred to naive recipients confer protection against a lethal virus challenge. To identify the T-cell population that was responsible for the induction of immune protection, cell   FIG. 3 . Serum transfer and challenge experiments. Two groups of eight 129Sv/Ev mice were injected at birth with 10 7 PFU of DISC HSV-1. One group was boosted at 3 weeks of age with the same amount of virus. At 4 weeks of age, all mice were bled, and the sera in each group were pooled. Pooled serum (500 l/mouse) from singly vaccinated mice (…) or boosted mice (-) was transfused i.p. to two groups of eight naive, 4-week-old mice. One day later, the transfused animals were challenged i.p. with 2 ϫ 10 8 PFU of HSV-1 strain F (200 LD 50 ). The survival of mice after this lethal challenge is shown. PFU of DISC HSV-1. A fourth group was injected with 10 7 PFU of UV-inactivated virus. Group 5 was mock injected, and group 6 was left untouched. At 4 weeks of age the animals were challenged with 2 ϫ 10 transfer experiments were performed, followed by virus challenge. Groups of neonatal mice were vaccinated once with DISC HSV-1, and at 4 weeks of age CD8 ϩ and CD4 ϩ T cells were isolated and transferred to naive age-and sex-matched recipients. Approximately 70 to 90% of the mice that had received CD4 ϩ or CD8 ϩ T cells from DISC HSV-1-vaccinated mice survived the virus challenge. Cells isolated from naive mice were ineffective (Fig. 6 ). Thus, a single vaccination within 24 h of birth induced CD8 ϩ and CD4 ϩ T cells able to confer protection to naive recipients.
DISCUSSION
A single vaccination with DISC HSV-1, within 24 h of birth, induced CD8 ϩ or CD4 ϩ T cells able to protect naive mice against a lethal challenge with HSV-1 strain F. Because UVinactivated, but otherwise intact, virus particles injected at doses of 10 2 to 10 4 times that of DISC HSV-1 were ineffective, we concluded that one round of virus replication was the key element for the induction of this cellular immune response. Therefore, HSV-1 replication is linked to immunogenicity that leads to Th1-mediated immune responses by IFN-dependent and IFN-independent mechanisms ( Fig. 1 and 2 ). These data support and extend our previous observations that in both adult and newborn mice, alphaherpesviruses can induce CTL and an IFN-independent switch to all IgG isotypes. Furthermore, herpesvirus-primed and in vitro-restimulated splenocytes produced high amounts of IFN-␥ but negligible IL-4 (18) .
The protective function of the transferred CD8 ϩ T cells in vivo (Fig. 6B ) might be direct cytolytic activity by these cells as analyzed by ex vivo CTL assays (Fig. 5) or indirectly by the secretion and stimulation of inflammatory cytokines (17) . These may provide support for the recruitment of immune cells, notably natural killer (NK) cells, to the site of infection (20, 59) . The critical role of CD8 ϩ T cells and the cytokines released by these cells at later stages of infections with HSV-1 is well documented (29, 30, 56) . Transfer of HSV-1-activated CD4 ϩ T cells in naive animals ( Fig.  6A) and induction of protection upon lethal virus challenge was shown previously for adult mice (9, 38) and for neonatal mice (25) . Since CD4 ϩ T cells have no known direct cytolytic activity against HSV-1-infected cells, the effect must be indirect. The mechanism includes increased upregulation of IFN-␣/␤ and IFN-␥ (27) , recruitment and activation of macrophages and NK cells (21, 59) , induction of nitric oxide and tumor necrosis factor alpha (21, 44) , and the rapid help of B cells for the production of neutralizing Abs (Table 1) The successful induction of CTLs or CD8 ϩ T cells in neonates has been reported after DNA vaccination (8, 33) , for influenza viruses and retroviruses (41, 50) , with live Sendai virus vaccines (55) but not with live attenuated measles virus (6) . Our own attempts to DNA vaccinate neonates for CTL induction that is specific against HSV-1 gB with either the BAC-VAC system (58), genes encoding gB (19) , or Sindbis virus-based vectors containing gB (19) failed (data not shown). After DNA vaccination, antigens can be found for weeks after their introduction, and thus the actual priming of naive T cells could happen at a later time point. However, recent data indicate that dendritic cells considered crucial for immune induction need to be directly transfected for successful priming (45) . This implies that priming occurs immediately after DNA vaccination by the directly transfected dendritic cells. Because of the inadequate development of the immune system immediately after birth, DNA vaccination may not be successful in neonates. This may not apply to infections with small amounts of virus able to replicate in neonates until recognized by the more mature immune system (50) . In contrast to replicating virus, live viruses able to replicate only once have a limited time span available to prime naive T and B cells in neonates. Neonatal mice vaccinated with a single dose of replicationdeficient Sendai virus produced adult-like virus-specific Ab titers and CTLs (55) . Although neonatal mice vaccinated once with DISC HSV-1 within the first 24 h developed protective CD8 ϩ and CD4 ϩ T cells, Ab against HSV-1 antigen was not detected by any of the test systems used. Importantly, mice vaccinated once with DISC HSV-1 at 10 days rather than within 24 h of birth developed HSV-1-antigen-specific Abs when analyzed 4 weeks later (unpublished observations). Therefore, in contrast to mice infected at birth with Sendai virus and able to produce antigen-specific Abs, the production of Ab against DISC HSV-1 required the presence of a more mature immune system. The reason for this is presently unclear and requires further investigation.
HSV-1 encodes more than 70 genes, classified as immediateearly (IE), early, and late genes that are transcribed in a temporal fashion (for a review, see references 31 and 47). However, the genes activated in a given cell infected by the virus and the signals transduced within the cell are poorly understood and may require microarray analysis as was successfully done for cytomegalovirus (66) . Therefore, the molecular mechanism of the powerful T-cellbased immune response in neonates against DISC HSV-1 is unknown but must require virus replication for the following reasons: (i) inactivated virus particles were ineffective, as shown here ( Fig. 1 and 4) and previously (40) ; (ii) mutant viruses that are able to replicate only part of the HSV-1 genome (IE and early genes) were able to induce T-cell-dependent immunoglobulin class switching (39); (iii) HSV-1 amplicon or HSV-1 variants that have defects in the IE and early genes that block virus replication are apathogenic and do not induce immune responses (32, 58) ; and (iv) only replication-competent alphaherpesviruses induce CTL and IgG class switch in an IFN-independent mechanism (18) .
The data presented here have clinical and practical implications. An equally strong T-cell-based immune response could be induced by a simple vaccination in neonates in the presence or absence of maternal Abs (Fig. 1) . This novel concept of preventive medicine may not only be useful in industrialized countries with advanced possibilities for HSV-1 diagnosis and drug treatment but, because of its relative low costs, the concept may also be highly beneficial for countries where diagnosis and drug treatment is a prohibitive economic factor (16, 36, 49, 64) .
